Compositional changes of the bacterioplankton assemblages in four high altitude middle Atlas lakes were monitored over a complete seasonal cycle using combinations of culture-dependent and molecular approaches. Viable bacterial numbers varied between seasons, with the lowest numbers recorded in the winter and the highest in the summer in all four lakes. Also, bacterial occurrences were found to be strongly correlated with water temperature in all the four sites, i.e., Lake Aoua (0.88), Ifreh (0.59), Hechlef (0.77) and Affourgagh (0.79) during the study period. Standard microbiological characterization of bacteria isolates from the lakes revealed majority (68%) to be Gram positive. Seasonal variations in the microbial assemblages among the lakes were also validated by restriction fragment length polymorphism (RFLP). Shifts in microbial assemblages, especially of the fecal indicator bacteria appeared to also be influenced by differences in the morphometric and watershed characteristics among the lakes. This study further reveals the need to employ combinations of methodological approaches, including taxonomic, physiological and molecular methods to adequately delineate and fully understand the ecology of microbial assemblages in extreme environments.
Introduction
Increasing recognition regarding the ecological importance of and contributions by autochthonous microbial assemblages in aquatic systems has significantly heightened the need to further examine and elucidate their community compositions, structures and dynamics [e.g. 1, 6, 18, 19, 27] . Several studies have utilized combinations of molecular approaches in the past to reveal the numerical dominance of bacterial members belonging to the subclasses (especially, α-and β-) of the Proteobacteria as well as the Cytophaga-Flavbacteria cluster in various freshwater environments [2, 11] . In particular, bacterial occurrences and compositional changes in microbial assemblages within extreme environments such as in high altitudes have attracted much attention in order to better understand the impacts of seasonal conditions on the occurrences and diversity of indigenous bacterial populations [1, 9, 21] . Generally, some of these studies have revealed high compositional changes in the microbial community structures between seasons [e.g., 21 ], while others have documented such shifts between different habitats (i.e. snow, slush and the water body) in freshwater systems in extreme environments [e.g.,1]. However, most of these past studies only based their reports on the elucidation of microbial assemblages within individual lakes, and to the best of our knowledge, very limited information currently exists on microbial occurrence and activities across multiple lakes located in high altitude environments [7] .
Therefore, in this study, combinations of culture-de-pendent and molecular approaches were utilized to examine the autochthonous microbial assemblages in four different lakes (Lakes Aoua, Ifreh, Hechlef (or Iffer) and Affourgagh) located within the Atlas Mountains in Morocco. The Middle-Atlas region of Morocco is known for its high altitude and diverse freshwater bodies in the mountainous areas with great temperature variations, including a typical hot and dry summer period, winter freezing and even snow in the Atlas Mountains [22] . The four lakes were selected because of differences in their morphometric, limnological and catchment area characteristics [15] . In particular, Lakes Aoua and Ifreh have relatively large basins (by surface area) as compared to Lakes Hechlef and Affourgagh (see Figure 1) . The main objective of the study was therefore to examine the autochthonous bacterial assemblages in the four selected lakes in response to extreme changes in their environmental conditions as well as potential anthropogenic influences using combinations of culture-dependent and molecular approaches.
Materials and Methods

Description of Study Sites and Sample Collection
Triplicate water and sediment samples were aseptically collected with sterile falcon tubes from the littoral zones of four meromictic high altitude lakes in Morocco. The four lakes are situated in the same geographical region (Lake Aoua-33˚39'9"N, 5˚1'59"W and Lakes Ifreh, Hechlef and Affourgagh-33˚33'33"N, 55'48"W) around the Fes-Boulemane region of Morocco at altitudes around 1500 m above sea level [15] .
Bacterial Enumeration, Isolate Culturing and Microbiological Characterization
Total viable bacterial counts were carried out on Nutrient Agar (NA) plates using standard techniques according to Leboffe and Pierce [13] . Briefly, 100 µl from the sampled freshwater were plated onto NA agar plates and incubated for 24 h at 37˚C. From sediments, about 1 g was suspended in 100ml of LB broth for 1 h and 100 µL from the suspension were plated onto NA agar plates for 24 h at 37˚C. Distinct bacterial cells were later isolated according to their various morphological characteristics. A series of morphological, physiological and biochemical tests to determine the identities of the isolates were carried out, including Gram staining, growth on selective media e.g., Eosine Methylene Blue (EMB), Mannitol Salt (MSA) and Simmons Citrate media according to standard microbiological methods [13] . Additionally, Carbohydrate utilization test was performed on some of the isolates using M9 minimal medium with 1 mM CaCl 2 and 1 mM MgSO 4 , with several sugars as the only sources of carbon and energy ( Table 1 ).
Nucleic Acid Extraction and Purification
Genomic DNA was extracted from bacterial isolates using a rapid method. Briefly, from an overnight culture in LB broth biomass harvested from 3 ml was washed twice with 500 µl of solution A containing 100 mM Tris-Cl, 10 mM EDTA, 0.2 mM NaCl, pH 8.0. After the washing step, bacteria were suspended in 500 µl of solution A, SDS was added in a final concentration of 1% (w/v), and incubated for 10 min at 55˚C. Ammonium acetate was then added to a the lysate to a final concentration of 300 mM and the mixture was centrifuged at 15.000 g for 15 min at 4˚C. Supernatants were removed and DNA precipitation was done by adding two volumes of absolute ethanol, mixed well and centrifuged at 15000 g for 15 min at 4˚C. The obtained pellets were washed twice with cold 70% ethanol, dried under fan at 37˚C and suspended in 50 µl Milli-Q water. This extraction method allowed us to extract total genomic DNA from isolates and later analyzed by gel electrophoresis.
PCR Amplification
The almost complete 16S rDNA genes from the isolated bacteria (longer than 1400 nucleotides) were amplified using the universal primer pair fD1 (5'-AGAGTTTG-ATCCTGGCTCAG), and rp1 5'-ACGGTTACCTTGTT-ACGACTT, [24] . The primer's set PT-2/PT-3 with the respective sequences; 5'-GCGAAAACTGTGGAATTG-GG-3' and 5'-TGATGCTCCATAACTTCCTG-3', [3, 4] were used to amplify a fragment of 252 bp from the uidA gene encoding β-D-glucuronidase from coliform bacteria. Reaction mixtures for PCR contained 1× buffer, 200 µM of each deoxynucleotide triphosphate, 1.5 mM MgCl 2 , 0.1 mM of each primer, and 2.5U of Taq DNA polymerase (Promega) in a final volume of 50 µl. the PCRs were performed in a UnoCycler Gradient Thermal Cycler (VWR-Belgium) using an initial denaturation step at 95˚C (5 m), followed by 28 cycles of denaturation at 95˚C (1 m), annealing at 55˚C (40 s) and extension at 72˚C (1 m 30 s), a final extension step at 72˚C (5 m) and subsequent cooling to 4˚C to complete the reaction. The PCR products related to each sample (2 µL) was verified by gel electrophoresis in 1% agarose (Applichem) in 0.5× TAE buffer. PCR products were purified using a DNA Gel extraction Kit (VWR-Belgium).
Screening of PCR Products by Restriction Fragment Length Polymorphism (RFLP)
The purified PCR product (3 µg) from each isolate was digested for 1h at 37˚C with 2 U Alu I (New England Biolabs). The restriction fragments were separated by gel electrophoresis in 1.5% (w/v) agarose (Applichem) in 0.5× TAE buffer. The gel was stained with ethidium bromide (0.5 mg/ml) and visualized under UV excitation (Genosmart, VWR). Restriction profiles were compared using Genosoft software from (VWR-Belgium), and isolates were classified according to distinct restriction fragment length polymorphism (RFLP) patterns.
Statistical Analyses
Relationships between bacterial populations and water chemistry characteristics in each of the lakes were examined using Linear Regression and Pearson Correlation analyses (SPSS for Windows, version 15, SPSS Inc., Chicago, IL).
Results
There was clear seasonality in both water chemistry, particularly temperature (Figure 2 ) and in the occurrences of total bacterial populations (Figure 3 ) among the four lakes examined during the study period. Specifically, temperature values were as low as 3˚C in December to as high as 30˚C in August through September. Viable bacterial counts followed the same seasonal trend as recorded for temperature among the four lakes, ranging averagely from 1.375 × 10 6 CFU/mL in to about 6.714 × 10 6 CFU/mL (Figure 2 ). There were strong correlations between bacterial densities and temperature and in all the four sites i.e., Lake Aoua (0.88), Ifreh (0.59), Hechlef (0.77) and Affourgagh (0.79).
A total of 44 bacterial isolates cultured from samples collected the four lakes were characterized based on combinations of their morphological, physiological and biochemical attributes. Twenty eight (64%) of these isolates appeared rod-shaped, while 16 (36%) of them were spherical or cocci-shaped ( Table 2) . Gram staining revealed that 30 (68%) of the cells possessed the Gram positive cell wall, while the remaining 14 (28%) stained gram negatively. Overall, the distribution of the isolates by sampling source, revealed that the Gram positive taxa numerically dominated in three of the four lakes examined, by accounting for between 14% and 27% of total isolate numbers, except in Lake Ifreh, where only 3 (7%) were characterized as Gram Positive. Results of the Carbohydrate Utilization test revealed diverse preferences and affinity for majority of the organic carbon sources by almost all the isolates examined ( Table 1) . While there was 100% utilization of glucose, fructose, ribose, galactose and melibiose by all the ioslates, however in contrast, meso-erythritol, rhamnose and citric acid were not utilized by any of the bacterial isolates examined. The results from the restriction fragment length polymorphism {RFLP} profiles generated with Alu I restric- tion enzyme after the amplification of total genomic DNA from the different lakes with primers fd1 and rp1 also clearly revealed seasonal changes in bacterial community composition in the study sites (Figure 4) . The RFLP profiles showed that there were more patterns during the summer compared to the winter in all the sites, with very close similarities in the banding patterns found in samples collected from Lakes Aoua, Hechlef and Affourgagh as compared to those in Lake Ifreh. Also, PCR detection of fecal indicator bacteria (FIB) from the four lakes performed using the set of primers PT2/PT3 targeting a fragment from the uidA gene coding for β-galacturonidase showed higher amplification of the gene in samples from Lake Ifreh compared to the other three lakes (i.e. Aoua, Hechlef and Afourgagh), with relatively low and/or undetectable levels of amplification ( Figure  5 ).
Discussion
The application of combinations of culture-dependent (viable bacterial count) and culture-independent molecular (i.e. PCR detection and RFLP) methods utilized in this study, both established the seasonal shifts in the bacterioplankton assemblages within the four high altitude lakes. Temperature changes between the very warm summer (starting from late May through early October), probably due to thermal mixing of the water body and cold winter (November through December) months appear to be the major drivers of autochthonous microbial assemblage shifts in all the study sites. The trend observed in this study strongly validates the drastic temperature fluctuations that have been observed in water bodies located in Atlas Mountains, that are typically characterized by humid summer months (up to 30˚C in August) to winter freezing (around 3˚C) and even snow around December [22] . Pernthaler et al. [21] also observed a similar seasonal shift in the bacterial abundance of a high mountain lake. Results they obtained from the utilization of both fluorescently labeled oligonucleotide probes (FISH) and image-analyzed microscopy revealed seasonal variation in bacterial assemblages in both the summer and beneath winter ice cover in Lake Gossenköllessee, a small oligotrophic high-mountain lake located within the Central Alps in Australia. It is worth noting that the four lakes examined in our study appear to have in common many limnological as well as watershed characteristics with Lake Gossenköllessee, especially regarding their relatively small morphometric basins and geographic locations, with all lakes situated at altitudes far exceeding 1500 m above sea level [15, 22] . Another environmental variable that co-varied with water temperature and probably influenced the temporal shifts in microbial communities in the studied lakes could be organic matter availability. The ecological significance of various types of dissolved organic matters, especially those associated with phytoplankton biomass in freshwater environments have been well documented [8, 17, 23] . In this study, phytoplankton blooms were mostly observed covering Lake Ifreh for most of the summer through the end of fall, as compared to the other three lakes that had moderate algal blooms during the same period. The occurrences of the phytoplankton blooms probably further promoted high bacterial abundance, especially during the summer period, given the strong algal-bacterial co-variation that had been previously reported in various aquatic systems [e.g.,8]. Moreover, the high propensity exhibited by the bacterial isolates for the various carbohydrates examined here is further indicative of the ubiquity and direct influences of such diverse organic carbon sources on the metabolic and physiological processes of the isolates found within the studied lakes.
The numerical dominance of Gram negative bacteria that is phylogenetically affiliated to the subclasses (e.g., 
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α, β, and γ) of the Proteobacteria, and the CytophagaFlavobacteria-Bacteroidetes in freshwater environments have been previously well documented [1, 2, 6, 9, 11, 17, 21, 27] . However, in this study based on the results of the culture-dependent, viable bacterial analysis of the communities revealed the predominance of Gram positive rod-shaped bacteria over the Gram negative cells, in most of the lakes examined. While this result is somewhat unusual and contradicting, previous observations that consistently reveal the numerical dominance of Gram negative populations, relatively high abundances of Gram positives, especially those with high GC contents are however not at all uncommon in high mountain lakes, where they have been revealed to have accounted for up to 63% of total bacterioplankton biomass [e.g.,9,10]. The high dominance of Gram positive, rod-shaped bacteria observed here could be as a direct result of various extreme conditions that includes intensive humidity, high radiation and temperature extremes common to these high altitude locations especially in the summer [22] , which ultimately ensure the selection and survival of hardy bacterial cells in the studied lakes. Therefore, it is probably accurate to conclude that the prevalence of Gram positive bacteria in these lakes during the study period is mainly due to their resistance to these extreme conditions of temperature and high exposure to UV light. Additionally, differences in the morphometric and watershed characteristics among the lakes could also have influenced the autochthonous bacterial composition. Particularly, Lake Ifreh with the lowest numbers of Gram positive bacteria also slightly differed in the RFLP profile results as compared to the other three lakes that seemed to share relatively more similar basin shape as well as watershed characteristics. The high PCR detection of the uidA gene coding for β-galacturonidase and ubiquitously associated with the presence of coliform bacteria populations (i.e., mainly Escherichia, Enterococci and Shigella species) in Lake Ifreh is probably indicative of allochthonous influxes of the cells directly through various domestic activities (human and animal) around this lake as compared to the other three sites. In addition, the high phytoplankton biomass that covered the lake during the summer months could also be harboring the fecal bacterial populations from where they continuously regenerated and then released into the water body [e.g., 16, 25, 26] . Overall, the clear differences and uniqueness of the bacterioplanton assemblages that existed in Lake Ifreh were further revealed and validated in both the bacterial isolate composition (indicating mostly Gram negatives) and the RFLP patterns that also differed from the other three lakes examined. This further validated the need to employ combinations of methodological approaches, including taxonomic, physiological and molecular methods in order to adequately delineate and understand the ecology of microbial assemblages indigenous to extreme freshwater environments.
